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ABSTRACT

We have reviewed our experimenta and theoretica studies of irreversible
thermodynamics of non-isothermal agueous systems, with particular emphasis on the
investigation of thermal diffusion phenomena, via el ectrochemica methods. By employing

Agar’s hydrodynamic theory, and by using the experimentally-derived standard entropies

of transport, S ;0, at temperatures from 25 to 125°C, we have calculated high temperature

SQO values, which exhibit a dramatic rise when the temperature increases above 250°C.

Recently reported experimental data for thermal diffusion in NaNO; agueous solutions at
supercritical temperatures and pressures (Butenhoff et al., 1996) have allowed us to test
the validity of our calculations at temperatures up to 450°C. The significance of therma
diffusion in liquid systems with forced convection is discussed, and it is concluded that, as
the Lewis number and the Soret coefficient increase, the impact of thermal diffusion on
mass transport becomes increasingly important at higher temperatures. We aso concluded
that the use of an electrochemical cell with forced convection could be a promising
experimental technique for determining Soret coefficients for aqueous solutions at
elevated temperatures.
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1. INTRODUCTION

It is evident that the thermodynamics of aqueous solutions under non-isothermal
conditions must be better understood in order to predict mass and heat transport processes
in high temperature agueous environments. There are at least three issues that are directly
related to this problem that deserve closer examination. The first one is concerned with the
problem of the thermal liquid junction potential [1-4], a knowledge of which is required
for accurate potentiometric (including pH) measurements in hydrothermal solutions when
an external pressure-balanced reference electrode (EPBRE) is employed. The second issue
is related to the phenomena of therma diffusion in agueous systems at elevated
temperatures [5, 6], which can be of practical relevance in quiescent systems. The third
issue lies in the viability of non-isotherma thermodynamic measurements in determining
the contributions of individual ions to the properties of electrolyte solutions[7-9].

The main goa of this paper is to review our recent work on the experimenta and
theoretical development of irreversible thermodynamics of non-isothermal electrolyte
solutions in hydrothermal environments, with particular emphasis on the study of thermal
diffusion phenomena via electrochemical methods. Although there are several methods of
studying the thermodynamics of non-isothermal electrolyte solutions, the measurement of
potentials of non-isothermal cellsis one of the most promising, in that it has been extended
to electrolyte solutions at elevated temperatures [1, 2, 10, 11]. Because of the precision
with which the potentials of thermocells can be measured, and because of the relatively
well established theoretical base, we expect that this method of investigating thermal
diffusion in electrolyte solutions will remain a principa technique in the future.

An additional task of the paper is to use a combination of theory and experiment to

show that thermal diffusion effects can be very large for agueous electrolyte solutions at



high subcritical and supercritical temperatures and that this effect should be of great
interest in studying agueous solutions under these conditions.

In a solution, in which a temperature gradient exists, coupled mass and heat
trangport is observed. This phenomenon, in the condensed phase, is known as the Soret
effect and may be described by applying Onsager’s formulation of irreversible
thermodynamics [12, 13]. The key parameter in describing the irreversible
thermodynamics of a thermal gradient system is the heat of transport of the i-th species
Q. , which was first introduced by Eastman [14] as the quantity of heat absorbed from the
heat reservoir behind and given out ahead of the moving ion. From irreversible

thermodynamics, Q; is proportional to the cross Onsager phenomenological coefficients

for the coupled flow of matter, L;, and heat, L, and may be given by
& .
L, =a L;Q . (1)

i=1
Two other important characteristics of the non-isothermal systems are the electrolyte
Soret coefficient s

s =(n,Q, +n.Q))/nR@A+TIng, /TInm), (2)
and the thermal diffusion coefficient of the electrolyte

D, =Ds , ©)
where g, isthe mean ionic activity coefficient, n, and n_ are, respectively, the number
of cations and anions in a salt, n=n_,+n_, m is the molal concentration, R is the gas
constant, and D istheisothermal diffusion coefficient of the electrolyte.

Statistical mechanical theories of non-isothermal electrolyte solutions have been

developed [15 -17]. The electrostatic contribution to the value of Q. has been evauated



and the Debye-Huckel limiting slope has been found in al approaches. A hydrodynamic
model was employed by Helfand and Kirkwood [15] to evaluate the electrophoretic effect
in an approximate manner, but the relaxation effect on the heat of transport was ignored.
In the papers of Kahana and Lin [16, 17], a molecular statistical theory of the heat of
transport of dilute eectrolyte solutions was developed based on linear response theory.
The effect of the relaxation and electrophoretic forces on the heat of transport was
investigated, and the concentration dependence of the heat of transport predicted by the
linear response theory was found to be in good agreement with experimental results for
several agueous 1:1 chloride solutions for concentrations up to 0.3 M.

In addition to the statistical molecular theories, Agar [18] derived a theory for
caculating Q; based on a macroscopic approach. An evauation of the origind Agar
approach has been presented by Agar [9], in which the standard single-ion heat of
transport, Q;°, in an electrolyte solution was derived based on a hydrodynamic theory.
Using Born theory to describe the electrostatic interaction between an ion and a dielectric

medium of solvent molecules, the following equation was derived for Q;°

Ne’z? 1
2 e

Tine

QP=-TS (Mney (@)

where R is the hydrodynamic radius of the i-th ion, e is the solvent dielectric constant,
and K is a boundary condition parameter. Note that both K and R, are not well known
values for any real solutions, and hence they should be regarded as empirical parameters to
be derived by fitting the theory to experimental data.
2. ELECTROCHEMICAL MEASUREMENTS OF THERMAL DIFFUSION

If a potentiometric method is to be employed in thermal diffusion studies of a

metal chloride solution MCl,(ag), where M is a metal of the cation and n is the



stoichiometric number of chloride ions in the electrolyte, a symmetrical, non-isothermal
electrochemica system incorporating Ag/AQCl electrodes may be consdered as an
appropriate experimental system:

[<¥a¥a¥a T, % Ya¥a¥a><¥aYaYa Yo T, % YaYaYa>|<Ya T, Y
Cu|Pt|Ag|AgCl | MCly(ag) | AgCl |Ag|Pt|Cu...Cu )
I [

[<¥%2%%%¥aYa E =] -] | Ya¥aYaYaYa¥aYa>|
where E is the electromotive force (em.f.) of Thermocell (1), j , and j , are the

electrostatic potentials of the left and right terminals, respectively, at ambient temperature

T,, and T, is an elevated temperature that is higher than T, . It is already well known that

E cannot be regarded as the difference in the reversible potentials of the right and left

electrodes, but that it should be treated on the basis of linear irreversible thermodynamics,
[4, 5, 13], which yields a general expression for the thermoelectric power, E, = (dE /dT)

as

I:E';':SAg-SAgCI-Se-'-§(;|' - a = +a(-rnc|"j-a__.’ (5)

where F is Faraday’s constant, S,, and S,,, are the molar entropy of silver and silver

chloride, respectively, S=e Is the transported entropy of an electron in the copper wires,

and S__ is the partial molar entropy of the chloride ion in the MCl,(aqg) solution. The

CI’

symbols t, S;, and z, represent, respectively, the transport number, the entropy of

transport, and the charge of the i-th ion in the MCl(ag) solution, and m; is the molality of

the j-th component in MCl,(ag) solution. The value m_ . ,— in Egn. (5) is the derivative

(im,,. /9m;); 5 ; » Where m_ isthe chemical potential of the chloride ion.



If we start with a homogeneous solution and instantaneously impose a temperature

gradient, then the quantity that is measured is the initial value of the thermoelectric power
(E;),, of Thermocell (I). Over the course of time, a concentration gradient develops due

to therma diffusion in the solution, and after a sufficiently long time a stationary steady

state is approached (at time t® ¥), in which diffuson and thermal diffusion are balanced.
In this case, we measure the steady state value of the thermoelectric power (E; ), . It can

be shown that, once the values of (E;), and (E;), are defined, we may derive

experimentally the heat of transport of MCl.(aq) as

Q=T

Fz, . :
C ((En)g - (ED)) (6)

where z, and t, are, respectively, the charge and the transport number of the cation.

Experimental measurements of the initid (E; ), and the steady state (E.),
thermoelectric powers are carried out by employing different approaches. To measure
(E;),,, one needs to minimize thermal diffusion, and the distance between the electrodes
should be large enough to carry out potential measurements in the first few minutes after
ingtalling athermal gradient and completing the circuit. In contrast, for measuring (E, ).,
the therma diffusion process should be ensured and, as a consequence, the distance
between electrodes should be a small and convective flow should be avoided.

Detailed descriptions of the experimental methods and results of thermoelectric
power measurements on many agueous electrolyte solutions over wide ranges of
temperature from 25 to 250°C are presented in our previous publications [1, 2, 5, 10, 11,

19-22]. Figure 1 displays an example of our experimental measurements and calculations,



which shows a very pronounced temperature dependence of the entropy of transport,
S,°=Q, /T, for LiCl, NaCl, KCl, and RbCl aqueous solutions,
3. ESTIMATION OF SORET COEFFICIENTS AT HIGH TEMPERATURES

We have found that, at least for electrolyte solutions, it is possible to estimate
theoretically the temperature dependence of the Soret coefficient using Egn. (4). As can
be seen from this equation, the ratio of the Soret coefficient, s , at temperature T to the

same quantity at a reference temperature T, , s,, can be described by the following

function f,(T)

S =qm=oSlne,dne | U

S, ?0 qr T
which is a strong function of temperature. In Eqn. (7), e and e, are the static permittivity
of water at temperatures T and T, respectively. Calculated values of the function f,(T),
which were made by using the dielectric constant of water [23], are presented in Figure 2.
This plot demonstrates the dramatic risein s that occurs when the temperature increases
from 200 to 350°C. The reason for this remarkable temperature dependence can be easily
understood if we take into account the well known fact that the temperature derivative,

(fe/9T),, goes to infinity when the temperature approaches the critical temperature,

T, of the solvent. Moreover, the fact that the Soret coefficient s ® +¥ for non-

electrolyte solutions, when the system approaches the critical temperature, from higher
and lower values, has been previoudy noted in the literature [13]. Experimental
measurements on non-electrolytes [24] directly support this view.

Recent experimental data for thermal diffusion coefficients, D; =sD, in NaNO,

agueous solutions at supercritical temperatures [25], allow us to test the validity of Eqgn.



(7) at temperatures up to 450°C, for which Eqgn. (7) yields s /s , = 24.05. The diffusion

coefficient for NaNO, in infinitely dilute solution at this temperature and pressure can be
derived from alinear extrapolation of D = f(,/m) tom =0 using the experimental data

given in Ref. [24]. The value of D was found to be 158 10°m?* /s at 450°C and 450
bar. The diffusion coefficient at 25°C and 1 bar was taken from Ref. [26], and is 1.57" 10”

m’s*. Performing these calculations we obtain D; / D, =(s /s ,)(D/D,) =242, which

isin good agreement with the experimental value of 250 reported by Butenhoff et al. [25]
for T = 450°C and P = 450 bar.

For comparison, the temperature dependence of the diffusion coefficient,
calculated from Walden'srule,
D/D,=f,(T)=(T/T,)(m, / m (8)
is also represented in Figure 2, where m and m, are the viscosity of water at

temperatures T and Ty, respectively, calculated using the NIST software package [23]. It

isevidentthat as T® T

crit ?

f,(T) changes more rapidly with temperature than does
f,(T). Thus, Figure 2 clearly demonstrates the increasingly greater importance of thermal

diffuson compared with ordinary diffusion, as the temperature approaches the critical

value.

3. DISCUSSION AND CONCLUSIONS

We have found that when the state parameters of an aqueous solution approach
the critical point, the entropy of transport of an electrolyte becomes very large. This
finding is in contrast to the general opinion that thermal diffusion is not usually important

in industrial systems [27]. For example, in our recent paper [6] we have caculated the



thermal diffusion fluxesin the case of afirst order chemical or electrochemical reaction on
the surface of an electrode in the entry region of channels at elevated temperature. In that
paper, we showed that, as the result of increasing Lewis number, and especially increasing
Soret coefficient, with increasing temperature thermal diffusion can become a significant
mechanism of mass transport in agueous systems containing thermal gradients. In the
general case, the quantitative description of mass transfer near the critical point must
include thermal diffusion, even when the temperature drop is low. This finding challenges
the genera belief that therma diffusion is not important in non-isothermal systems.
Explicit expressions for the mass fluxes have been derived for the cases of very rapid and
very dow reactions in the entry regions of channels [6], and these expressions can be
applied when the thermal diffusion effect is not very strong. This approach can be used for
the experimental determination of Soret coefficients in the entry regions of channels at
high temperatures, if the temperature drop in the solution does not exceed 10 degrees. We
aso conclude that, due to the reatively large therma diffuson effect a elevated
temperatures, the use of an electrochemical cell with forced convection might be a

promising experimental technique for determining Soret coefficients.
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FIGURE CAPTIONS

Figure 1. The temperature dependence of the standard entropies of transport S, *° for

aqueous LiCl, NaCl, KClI, and RbCl solutions.
Figure 2. Temperature dependence of the relative diffusion and Soret coefficients

calculated from Walden's and Agar’ s relations.
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